INTRODUCTION
Innate immunity, the early host defence against microbes, is primarily studied in host immunecompetent cells such as macrophages. The ability of cells to recognise pathogen-associated molecular patterns (PAMPs) depends on the expression of a family of Toll-like receptors (TLRs). 1 Macrophages recognise and phagocytose microbes such as bacteria and produce inflammatory cytokines and chemokines, resulting in inflammation. They also activate adaptive immunity. However, it is now clear that the innate immunity of the mucosa in contact with commensal bacteria differs from conventional innate immunity. 2 3 The ocular surface is one of the mucosa in contact with commensal bacteria.
The ocular surface epithelium serves a critical function as the defensive front line of the innate immune system. While the detection of microbes is arguably its most important task, an excessive host defence reaction to endogenous bacterial flora may initiate and perpetuate inflammatory mucosal responses. The healthy ocular surface is not inflammatory, although ocular surface epithelium is in constant contact with bacteria and bacterial products. 2 3 We have shown that human ocular surface epithelial cells, both corneal and conjunctival epithelial cells, respond to viral doublestranded RNA mimic polyinosine-polycytidylic acid (polyI:C) to produce pro-inflammatory cytokines through TLR3, while they fail to respond functionally to lipopolysaccharide, a TLR4 ligand. 2e5 Furthermore, we have reported that while human ocular surface epithelium harbours messages for most TLRs, TLR3 is the one with the highest expression level. The expression of TLR3 was higher, while that of the other TLRs was lower, in human ocular surface epithelium than human peripheral mononuclear cells. 2e4 6 TLR3 recognises double-stranded RNA (dsRNA), a component exhibited in the life cycle of most viruses, which is mimicked by polyI:C, a synthetic dsRNA. 7 We have previously reported that human ocular surface epithelium expressed TLR3 and that polyI:C stimulation induced the secretion of inflammatory cytokines such as IL-6, IL-8 and type I IFN such as IFN-b.
2e4 Inflammatory cytokines such as IL-6 are under TLR3/TRIF/NF-kB signalling, and type I IFN are under the control of TLR3/ TRIF/IRF-3 signalling. TLR3 is implicated in triggering antiviral immune responses by producing type I IFN and inflammatory cytokines. 8 Although the TLR family detects PAMPs either on the cell surface or on the lumen of intracellular vesicles such as endosomes or lysosomes, recent studies have shown the existence of a cytosolic detection system for intracellular PAMPs. These cytosolic PRRs include retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and nucleotidebinding oligomerisation domain (NOD)-like receptors (NLRs). RLRs belong to the RNA helicases family that specifically detects RNA species derived from viruses in the cytoplasm and coordinate antiviral programmes via type I IFN induction. RIG-I and MDA5 are RLRs. 8 Moreover, we found that TLR3 positively regulated the late-phase reaction of experimental allergic conjunctivitis in a mice model; eosinophilic conjunctival inflammation was reduced in TLR3 knock-out (KO) mice and was aggravated in TLR3 Transgenic (Tg) mice. 9 These findings might suggest that TLR3 could induce not only antiviral innate immune responses but also other functions such as regulations of allergic reactions.
In this study, to examine the comprehensive effects of polyI:C, TLR3 ligand, we performed geneexpression analysis of polyI:C-stimulated primary human conjunctival epithelial cells (PHCjECs) < Additional materials are published online only. To view these files please visit the journal online (http://bjo.bmj. com).
MATERIALS AND METHODS PHCjECs
This study was approved by the institutional review board at Kyoto Prefectural University of Medicine, Kyoto, Japan, and all experimental procedures were conducted in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all patients after they were given a detailed explanation of the purpose of the research and the experimental protocols.
For GeneChip analysis, quantitative RT-PCR and ELISA, PHCjECs were harvested from conjunctival tissue obtained at the time of conjunctivochalasis surgery and then cultured using a previously described method. 6 Briefly, conjunctival tissues were washed and immersed for 1 h at 378C in 1.2 U/ml of purified dispase (Roche Diagnostic, Basel, Switzerland), and epithelial cells were detached, collected and cultured in lowcalcium defined keratinocyte-SFM medium with defined growth-promoting additives (Invitrogen, Carlsbad, California) including insulin, epidermal growth factor, fibroblast growth factor and 1% antibioticeantimycotic solution. By using this method, the cell colonies usually became visible within 3 to 4 days. After reaching 80% confluence in 7 to 10 days, the cultured PHCjECs were used in subsequent procedures.
Gene-expression analysis
We previously found that stimulation with polyI:C elicited elevated mRNA expression of IL-6, IL-8 and IFN-b in PHCjECs 3 as well as in primary human corneal epithelial cells. 4 We performed a time-course study of mRNA expression of IL-6, IL-8 and IFN-b, and found that 3 h is the optimal culture time for the polyI:C-treated PHCjECs to induce IL-6-, IL-8-and IFN-bspecific mRNA expression. Thus, to examine the comprehensive effects of polyI:C stimulation of PHCjECs, we performed a geneexpression analysis of PHCjECs from two individuals who were, or were not, cultured with 25 mg/ml polyI:C for 3 h.
Gene-expression profiles were investigated using a highdensity oligonucleotide probe array, GeneChip, of Human Genome U133 Plus 2.0 (Affymetrix), which offers a comprehensive analysis of genome-wide expression on a single array and analyses the expression level of over 47 000 transcripts and variants, including 38 500 well-characterised human genes, which comprise more than 54 000 probe sets.
Total RNA was extracted using the Qiagen RNeasy kit (Qiagen, Valencia, California). cRNA preparation and target hybridisation were carried out in accordance with the Affymetrix GeneChip technical protocol. The DNA chips were scanned with a specially designed confocal scanner (GeneChip Scanner 3000; Affymetrix). Array data analysis was performed using Affymetrix GeneChip operating software (GCOS) version 1.0 (Affymetrix); this software analyses image data and computes an intensity value for each probe cell. To quantify RNA abundance, the average-difference values (ie, gene-expression levels) representing the perfect matchemismatch for each gene-specific probe family were calculated, and the fold-changes in the average-difference values were determined in accordance with Affymetrix algorithms and procedures.
Quantitative RT-PCR
Total RNA was isolated from PHCjECs using RNeasy Mini kit (Qiagen) according to the manufacturer 's instructions. For the RT reaction, we used the SuperScript Preamplification kit (Invitrogen). Quantitative RT-PCR was performed using an ABI-prism 7700 (Applied Biosystems, Foster City, California) according to a previously described protocol 4 and the manufacturer 's instructions. The initial amount of RNA used for reverse transcribing to cDNA was 2 mg in a total volume of 20 ml, and the cDNA was used at twofold dilution for quantitative RT-PCR. The primers and probes were purchased from Applied Biosystems; Assay ID: CXCL11 (Hs00171138_m1), RIG-I (Hs00204833_m1), IL28A (Hs00820125_g1), CXCL10 (Hs00171042_m1), CCL5 (Hs00174575_m1), CCL4 (Hs99999148_m1), MDA5 (Hs00223420_m1), IL7R (Hs00233682_m1), TSLP (Hs00263639_m1), CCL20 (Hs00355476_m1) and ICAM-1 (Hs00277001_m1). To amplify cDNA, PCR was performed in a 25 ml total volume that contained a 1 ml of cDNA template in 23TaqMan universal PCR master mix (Applied Biosystems) at 508C for 2 min and 958C for 10 min, followed by 40 cycles at 958C for 15 s and 608C for 1 min. The results were analysed with sequence detection software (Applied Biosystems). The quantification data were normalised to the expression of the housekeeping gene GAPDH. We confirmed the upregulation of transcripts by quantitative RT-PCR three times using PHCjECs derived from different individual, respectively.
ELISA
We performed ELISA to confirm the protein productions. The amounts of CXCL11, CXCL10, CCL5, CCL20 and TSLP released into the culture supernatant were determined by ELISA using the Human CXCL11, CXCL10, CCL5, CCL20 and TSLP DuoSet (R&D Systems, Minneapolis, Minnesota) in accordance with the manufacturer 's instructions. Briefly, first, microplates were precoated with capture antibody. Samples and standards were added, and any analyte present was bound by the immobilised antibody. Unbound materials were washed away. Second, biotinylated antibodies were added and bound to the captured analyte. Unbound detection antibodies were then washed away. Third, streptavidin-HRP was used to bind to the detection antibody. Unbound streptavidin-HRP was then washed away. Fourth, tetramethylbenzidine (TMB) substrate solution was added to the wells and a blue colour developed in proportion to the amount of analyte present in the sample. Colour development was stopped with sulfuric acid turning the colour in the wells to yellow. The absorbance of the colour at 450 nm was measured.
Immunoblot analysis of RIG-I and MDA5 protein expression
The RIG-I and MDA5 protein expression in the PHCjECs was examined by immunoblot analysis. PHCjECs were incubated with 10 mg/ml of polyI:C for 12 h, then washed twice and lysed by scrapping in 0.2 ml of an ice-cold CelLytic M Cell Lysis Reagent (Sigma-Aldrich Corp., St Louis, Missouri, USA). SDSpolyacrylamide gel electrophoresis was performed using the NuPAGE electrophoresis system (Invitrogen) according to the manufacturer 's instructions. The separated proteins were transferred to a polyvinylidene difluoride membrane using the iBlot Gel Transfer Device (Invitrogen) according to the manufacturer's instructions. The membrane was incubated in 5% skim milk with 0.1% Tween 20/TBS buffer for 1 h at room temperature for blocking, then subjected to immunoblot analysis with rabbit anti-RIG-I or rabbit anti-MDA5 antibodies (Cell Signalling Technology, Danvers, Massachusetts, USA) for first antibodies and HRP-conjugated donkey antirabbit IgG antibodies (GE Healthcare, Little Chalfont, UK) for second antibodies. For the detection of the proteins, the ECL Plus Western Blotting Detection System (GE Healthcare) was used.
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Data analysis
Data were expressed as the mean6SE and evaluated using the Student t test using the Microsoft Excel software program (Microsoft, Seattle, Washington).
RESULTS
Transcripts upregulated more than 10-fold upon polyI:C stimulation of PHCjECs
The GeneChip analysis showed that 150 transcripts were upregulated more than threefold (Supplemental Data 1) and 47 transcripts were upregulated more than 10-fold upon polyI:C stimulation of PHCjECs from two individuals (table 1): 90 and 89 transcripts were upregulated more than 10-fold in each PHCjECs from case 1 and case 2, respectively (data not shown.). Moreover, even though GeneChip analysis removed the effect of the endogenous prostaglandins using indomethacin, the 47 transcripts were upregulated (Supplemental Data 2). The 47 upregulated transcripts included IL-6, IL-8 and IFN-b, which we previously reported as having been induced by polyI:C stimulation of PHCjECs.
Confirmation of the upregulation of transcripts in PHCjECs by quantitative RT-PCR
Furthermore, we performed a time-course study for 11 upregulated transcripts of interest (CXCL11, RIG-I, IL28A, CXCL10, CCL5, CCL4, MDA5, IL7R, TSLP, CCL20 and ICAM-1) and found that 6 h was a better culture time for them than 3 h. Because the common results from two individuals could not sufficiently cancel the effects derived from individual difference, using PHCjECs derived from other three individuals we confirmed the upregulation of transcripts by quantitative RT-PCR. The upregulation of above 11 transcripts of interest in PHCjECs cultured for 6 h was confirmed by quantitative RT-PCR (figure 1).
Confirmation of the protein productions by ELISA
Next, we examined that production of five proteins from these 11 transcripts by ELISA, and the levels of CXCL11, CXCL10, CCL5, CCL20 and TSLP were found to be increased in PHCjECs cultured with 25 mg/ml of polyI:C for 24 h (figure 2).
Increased expression of TLR3, MDA5 and RIG-I in polyI:C treated PHCjECs
Our results showed that RIG-I and MDA5, which are reportedly implicated in viral dsRNA recognition, are also remarkably upregulated by polyI:C stimulation of PHCjECs. The highest expression of RIG-1 and MDA5 were found at 6 h (figure 3).
Increased protein expression of RIG-I and MDA5
The RIG-I and MDA5 protein expression in the PHCjECs was examined by immunoblot analysis. RIG-I and MDA5 protein expression were detected in PHCjECs incubated with 10 mg/ml of polyI:C for 12 h, but not in PHCjECs without polyI:C (figure 4). These findings show that RIG-I and MDA5 protein expression are upregulated by polyI:C stimulation in PHCjECs.
DISCUSSION
To the best of our knowledge, this is the first report of a study involving gene-expression analysis of polyI:C-stimulated PHCjECs using the oligonucleotide microarrays GeneChip. PolyI:C, a synthetic dsRNA, was reported to be recognised by TLR3, one of the TLRs that recognises molecular patterns associated with microbial pathogens and induces antimicrobial immune responses. 7 Our results showed that 47 transcripts were upregulated more than 10-fold upon polyI:C stimulation of the PHCjECs from two individuals, and the upregulation of 11 transcripts of them (CXCL11, RIG-I, IL28A, CXCL10, CCL5, CCL4, MDA5, IL7R, TSLP, CCL20 and ICAM-1) was confirmed by quantitative RT-PCR.
CXCL11 and CXCL10 have been reported to be expressed principally in response to a wide range of DNA and RNA viruses such as adenovirus, 10 HSV-1, 11 CMV 12 and RSV. 13 Their roles in leucocyte recruitment during inflammation have also been reported. 14 In addition, the levels of CXCL11 and CXCL10 were found to increase in allergic diseases; they increased in the epidermis of AD patients 15 and in the bronchoalveolar lavage fluid of patients with severe asthma. 16 The three CCL chemokines, CCL4, CCL5 and CCL20, have also been reported to be upregulated during viral infection similarly to CXCL11 and CXCL10. 17 It was also reported that many CCL chemokines including CCL4, CCL5 and CCL20 were upregulated in chronic atopic dermatitis skin lesions.
18
IL28A and IL29 are two of the IFN-l proteins that activate IFN-stimulated response elements and induce antiviral activity. 19 The levels of IL28A and IL29 have also been reported to increase in the sputum of patients with asthma. 20 ICAM-1 is a member of the immunoglobulin superfamily of adhesion molecules and is the ligand of leucocyte functional antigen LFA-1, which is widely expressed on leucocytes. It has been reported that conjunctival epithelial cells were capable of expressing ICAM-1 and that this expression was markedly increased in ocular allergic diseases such as vernal keratoconjunctivitis and allergic atopic keratoconjunctivitis, whereas ICAM-1 was not observed on normal conjunctival epithelial cells. 21 Thymic stromal lymphopoietin (TSLP) is expressed mainly by barrier epithelial cells and is a potent activator of several cell types, particularly myeloid dendritic cells. 22 TSLP is highly expressed by airway epithelial cells of asthma patients 23 and keratinocytes in skin lesions of patients with atopic dermatitis. 24 IL7R consists of a TSLP receptor complex with a TSLPbinding chain (TSLPR). 22 Thus, although CXCL11, IL28A, CXCL10, CCL5, CCL4 and CCL20 are innate-immune-response-related genes, they have also been reported to be upregulated in allergic diseases. 15 16 18 20 IL7R, TSLP and ICAM-1 are allergy-related genes. At least nine of the 47 transcripts that were found to be upregulated more than 10-fold upon polyI:C stimulation of the PHCjECs from two individuals might be associated with allergy.
The significant upregulation of these genes, which increases in allergic diseases via polyI:C, might be consistent with our Figure 1 mRNA expression of the 11 transcripts in primary human conjunctival epithelial cells exposed to 25 mg/ml of polyI:C for 6 h. The quantification data were normalised to the expression of the housekeeping gene GAPDH. The y axis shows the increase in specific mRNA over unstimulated samples. Data are representative of three separate experiments and are given as the mean6SEM from one experiment carried out in four wells per group (*p<0.05, **p<0.005, ***p<0.0005). Our results might show that TLR3 of conjunctival epithelium could not only induce antiviral innate immune responses, but also regulate the allergic reactions.
Elsewhere we have shown that EP3 is expressed in the ocular surface and that the PGE2-EP3 pathway in conjunctival epithelium works as a negative regulator for allergic conjunctivitis. 25 It is evident that ocular surface epithelial cells regulate the inflammation of allergic conjunctivitis. The actual role of conjunctival epithelium in conjunctival inflammation must be investigated further.
On the other hand, our results showed that RIG-I and MDA5, which are reportedly implicated in viral dsRNA recognition, are also remarkably upregulated by polyI:C stimulation of PHCjECs. We previously reported that TLR3 was the most intensely expressed among TLR1-10 in ocular surface epithelial cells 2e4 6 and speculated that TLR3 mainly contributes to polyI:C inducible responses in ocular surface epithelial cells. However, in this study we found that new receptors that recognise dsRNA and polyI:C, RIG-I and MDA5, are also expressed in PHCjECs and are upregulated by polyI:C stimulation. Of the 10 TLRs identified in humans, TLR3 has been identified to respond to dsRNA. On the other hand, it is notable that the cytoplasmic helicase proteins RIG-I (retinoic-acid-inducible protein I; also known as Ddx58) and MDA5 (melanoma-differentiation-associated gene 5; also known as Ifih1) have been implicated in viral dsRNA recognition; RIG-I and MDA5 were found to detect RNA viruses and polyI:C, as well as TLR3. 8 Further investigation is required to resolve how these receptors contribute to polyI:C-inducible responses.
Studies are also under way in our laboratory to investigate other genes except above 11 transcripts of the 47 transcripts.
In summary, we demonstrated that human conjunctival epithelial cells might be induced to express many transcripts, including not only antiviral innate immune response-related genes but also allergy-related genes, by polyI:C stimulation. 
